iii The report is organized into three main sections:
List of Tables
(1) Short-term field testing (2) Long-term performance prediction (3) Example application of the test and prediction practices.
Over the course of the last few years, we have had the opportunity to inspect and diagnose problems on a number of small PV systems as part of Building America. The systems have included those that are grid-tied with no storage, grid-tied with storage, and stand-alone with storage systems. Surprisingly, all of the systems we have tested have had simple-to-diagnose problems that impeded their energy production. This report describes the procedures we have developed for checking that the system is operating properly and developing a realistic expectation of electricity delivered by the system over a year of operation.
Short-Term Field Testing
Short-term field testing of PV systems within the Building America program consists of checking that the system components (array, maximum power-point tracker and/or batteries, and inverter) are operating properly and measuring I-V (current-voltage) curve for the system.
2a. Checking that the Array is Operating Properly
The flowchart in Figure 1 describes the procedure we use to check the array's operation. The following is a discussion of the numbered boxes in Figure 1 .
(1) PV arrays typically consist of groups of modules wired in identical parallel strings. The strings are joined together in a combiner box, which sometimes has a fuse for each string.
We have found more than once that at least one string is producing little or no power for a variety of reasons.
We have found that the easiest way of identifying this type of problem is to measure the current coming from each string using a clamp-on DC ammeter under normal PV system operation. On a balanced array, as long as the incident solar radiation on the array is not changing rapidly (as happens when there are clouds near the sun) and as long as there is no shading on the array, each string should be producing a similar current.
Installers often measure the open-circuit voltage of each string as a way of checking that each string is operating properly. This can be misleading, because a blown fuse or disconnected wire can allow a "floating" voltage reading that appears to be correct. A test of the short-circuit current of each string would provide good information on the operation of each string, but this can be a safety hazard because of electrical arcing.
(2) Because all the strings are connected in parallel, the voltage across each string is the same. Assuming that each string is identical in model and number of modules, there is no shading, and the modules are all in the same plane, the current produced by each string should be close. They are unlikely to be exactly the same, as differences in wire connections, dirt on the collectors, and individual module efficiency will cause some mismatch.
(3) If there is obviously a problem with the array, but no obvious easy fix such as replacing a blown fuse or reconnecting a wire, then we generally do not continue testing the system until the service personnel has been notified and the array has been fixed.
(4) Typically we measure the current being delivered by the array with a clamp-on DC Halleffect ammeter. Often the current is also displayed as part of the inverter, but the resolution is often too coarse, especially if the inverter is oversized compared to the array. The incident global solar irradiance is measured using a thermopile-type pyronometer. The back-of-module temperature is used as a close surrogate for the cell temperature and is measured by adhering a temperature sensor to the back of one module with adhesive tape. Look for obvious wire disconnects.
Discontinue testing, call service personnel to repair string(s). Begin testing after repairs are completed. Array is operating properly. NO (5) There is no guarantee that the array is operating at the maximum power point, so simply scaling the manufacturer's maximum power at standard test conditions to the cell temperature and the irradiance will not necessarily give the theoretical power output under the measured conditions. The shape of the Power-Voltage curve under the test conditions must be calculated.
The theoretical power output of the array is determined by drawing the theoretical PowerVoltage (P-V) curve under the measured irradiance and cell temperature. This P-V curve is then used to determine the theoretical power output at the measured array voltage. Many models of PVs have been measured and characterized by Sandia National Laboratories (Sandia); for these models, we draw the I-V curve using software called "IV Tracer" [1] , which implements the characterization model developed by King et al. [2] If the PV module model is not in the Sandia database, then a theoretical I-V curve for the test conditions can be drawn using the techniques described in Duffie and Beckman [3] .
(6) An array should be expected to operate up to 15% less efficiently than what one would expect from theoretical values. This is because the theoretical value does not take into account mismatch between modules, increased series resistance caused by wiring and connections, and biases between factory-reported efficiencies and actual efficiencies of the modules. In addition, the error in the solar irradiance measurement is typically ± 5%. In this portion of our testing, we are simply trying to determine whether or not there is a serious problem with the array, not precisely characterize the array.
(7) We have observed that in a dry, dusty climate, the accumulated dirt on an array can cause up to a 10% degradation in power output. Of course, the degradation can be more or less depending on how dirty the array is, but 10% seems to be a reasonable number for a visibly dirty array. Thus the acceptable discrepancy in power output is increased from 15%, given in item (6), to 25%.
2b. Maximum Power Point Tracking and Battery Storage
More often than not, a small PV system (less than 4 rated kW) does not include a maximum power point tracker (MPPT). Systems with storage (batteries) generally operate the array at the battery voltage that, for a well-matched array, is close to the maximum power voltage under many conditions. Systems without storage generally have some type of MPPT.
Using the methods described in item (5) in Section 2a, we compare the maximum power under the measured irradiance and cell temperature to the power at the measured operating voltage. This difference is the percent reduction in performance caused by imperfect maximum power point tracking. The absolute power output of the actual array may differ from the theoretical as described in notes (5) and (6) of Section 2a, but the percent reduction resulting from imperfect maximum power point tracking is expected to be similar for the absolute and theoretical power output. This procedure does not give a prediction of loss of power over an extended period, but it does give a clue as to how close the tracking is. A few related experiences are worth noting:
• One grid-tied, no-storage system we tested repeatedly tracked the array at a voltage higher than the maximum power voltage, resulting in a 50% sacrifice in delivered energy.
• Another grid-tied, no-storage system was observed to track the voltage erratically, jumping in voltage by large increments every few minutes, resulting in at least a 10% sacrifice in delivered energy.
• A grid-tied system with storage had a battery bank with a nominal voltage of 48 V, while the array attached to it (without a MPPT) had a nominal voltage at maximum power of 71 V. This resulted in an operating voltage consistently below the maximum power point voltage and caused up to a 20% sacrifice in power production, depending on environmental conditions. (This example is described in detail later in this report.)
2c. Inverter Operation
An inverter we commonly encounter in 0.5-to 4.0-kW systems is the Trace SW4048 inverter. This is a very versatile inverter, with a wide variety of programming options accessed through a series of menus on the front panel. We have found on more than one occasion that a simple programming error caused the PV system to malfunction. Because of this experience, we routinely go through the menu settings on the inverter to check that they are correct. The efficiency of the inverter is generally not in question and is well characterized by the factory.
(We confirmed the factory efficiency curve using long-term measurements on one system.) A quick check of the measured output power using a watt transducer on the AC side divided by the measured input DC power is generally made to confirm that the inverter is operating as expected.
Long-Term Energy Prediction 3a. Realistic Expectations
Because the standard reference conditions (SRC) used to defined rated power of PV modules (1000 W/m 2 , 25 o C cell temperature) does not represent average in-use conditions, consumers often expect both the instantaneous and annual energy production of a PV system to be higher than it actually is. For example, a system rated at 2.5 kW will only generate 2.5 kW under full sun, when the air temperature is below freezing, the inverter is 100% efficient, and the array is operated at its maximum power point voltage. From annual simulations, we have found that for the United States, the daily energy production of a typical system with an inverter can be estimated by assuming 4 to 5 full rated hours per day. For example, a system rated at 2.5 kW can be expected to produce between 10 kWh (4 hr x 2.5 kW) and 12.5 kWh (5 hr x 2.5 kW) of energy per day on average. The annual energy production of a system can also be estimated using NREL's web-based PV sizing software, PWWATTS, for grid-connected systems with a MPPT (http://rredc.nrel.gov/solar/codes_algs/PVWATTS/) or commercial simulation software such as PV-DESIGNPRO, available from Maui Solar Energy Software Corporation (http://www.mauisolarsoftware.com/).
3b. Calibrating an Annual Simulation Model
To accurately predict annual energy production of a particular PV system, it is necessary to calibrate the theoretical model using short-term tests to accurately represent the behavior of the actual system under all expected conditions. This involves fitting data from a family of I-V curves taken using an I-V curve tracer from a short-term (1 to 3 days) test of a PV array to a set of polynomial functions. These functions are used to predict the array's behavior under a wide range of temperatures and irradiances. TRNSYS [4] , driven by TMY2 [5] weather data, is used to simulate the array's behavior under typical weather conditions.
3b.1. Annual Simulation Overview
The manufacturer of a PV module will typically supply data that describes a module's voltage and current characteristics under standard test conditions (I c = 1000 W/m 2 , T c = 25 o C). Often, temperature coefficients for voltage and current are also supplied, which can nominally be used to translate the points on an I-V curve from standard test conditions to other cell temperature conditions. Current output from the module is usually assumed linear with incident irradiance. To predict the performance of an array of modules, the manufacturer's test data for a single module are typically assumed to be accurate for each module in the array, scaling by the number of modules in series and parallel. To account for differences between manufacturers' specifications and actual modules' performance a "derate factor" is sometimes added in, but there is no quantitative way of establishing this derate factor; it is inserted using engineering judgment and experience that "PV arrays don't perform as well as the manufacturer's specifications." In fact, the difference between expected and actual performance is rarely as simple as a constant derate factor.
When testing PV arrays in the field, we usually find that the power output of the array is lower than was predicted using the above method. This can be for a number of reasons:
(1) The average module installed in the array is not as efficient as the module tested by the manufacturer because of manufacturing inconsistencies.
(2) The system does not employ a maximum power point tracking device, and the voltage of the controller setpoint is not always at the maximum power point voltage. In some systems we have found that the controller setpoint is never particularly near the maximum power voltage.
(3) Connections between modules and wires to and from the array create voltage drop and power loss in the array.
(4) Solar incidence angle effects result in less collected energy at sharp beam incidence angles.
(5) Performance dependence on the spectral content of irradiance has not been taken into account.
Rather than rely on the manufacturer's module-level data for predicting a PV array's performance, it is desirable to test the array in-situ over a short period (1 to 3 days) to characterize its behavior. This characterization can then be used in an annual simulation driven by TMY2 data to predict its behavior under typical weather conditions. Using a method for extrapolating short-term measured data to long-term performance is a reasonable way to compare the performance of one system to another: how they compare under typical and identical driving weather conditions .
King [6] and King et al. [7] have done quite a bit of work toward this endeavor. We have simplified their approach and added some general correlations to predict certain performance parameters for PV's for which there may be limited information from the manufacturer. In general, the method involves measuring I-V curves for the entire array over the period of one clear day (sunrise to sunset) to obtain curves under a range of irradiances and cell temperatures. Five points along the I-V curve (short-circuit, maximum power, open circuit, and two intermediate points) are defined in terms of polynomials as a function of irradiance and back-ofmodule temperature. For any irradiance and module temperature the position of five points on the I-V curve can be calculated and a curve drawn connecting them. An annual simulation such as TRNSYS can then be used to predict power output of the array for every hour of a typical year given knowledge of the voltage tracking characteristics of the controller.
In the following sections of this paper, we describe in detail the various steps that are taken in starting with data from a short-term test and arriving with a prediction of annual energy production of a PV array.
3b.2. Effective Irradiance
The effective irradiance (I c,eff ) is defined as the equivalent global irradiance that would be falling on the surface of the array if the sun was directly overhead and the array was horizontal. In the approach presented in this paper, the performance of the PV array is expressed in terms of I c,eff . The effective irradiance is affected by two phenomena: spectral effects and incidence angle effects.
3b.2a. Spectral Effects Caused by Air Mass
Absolute air mass (A ma ) is defined as the ratio of mass of atmosphere through which beam radiation passes to the mass it would pass through if the sun were directly overhead. As the air mass increases, the spectral content of irradiance changes. For some PVs, notably amorphous, this has an effect on the efficiency of the PV. King [6] and King et al. [7] characterized this dependency in the form of a polynomial as a function of A ma for several different types of PV modules. A database containing the values of the polynomial constants are available from the Sandia National Laboratory web site. 
The shapes of M Ama as a function of solar zenith angle for all PV modules in the Sandia database are shown in Figure 2 . The reader may notice that the curves do not all fall on M Ama = 1.0 at a solar zenith angle of zero as they theoretically should; this is most likely because of to a less-than-perfect correlation.
3b.2b. Incidence Angle Effects
The incidence angle (θ i ) is the angle between the direction of beam irradiance and a normal to the surface of the PV. With the sun directly overhead and the array horizontal, the incidence angle is zero. As the incidence angle increases a greater portion of beam radiation is reflected from the glazing surface. King [6] and King et al. [7] characterized this behavior in the form of a polynomial for several different PV types:
The values of M θi for all modules in the Sandia database are shown as a function of incidence angle in Figure 3 . 
-Si / low-iron cerium-containing tempered glass mc-Si / low-iron cerium-containing tempered glass mc-Si / tempered glass mc-Si / low-iron cerium-containing tempered glass 2-a-Si / low-iron heat-strengthened glass 2-a-Si / low-iron annealed glass 2-a-Si / low-iron heat-strengthened glass 3-a-Si / dimpled Tefzel CIS / low-iron tempered glass
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The effective irradiance, which is the irradiance incident on the plane of the array modified by M Ama and M θi , can then be expressed as:
Note that the air mass modifier affects both the beam and diffuse components of irradiance, whereas the incidence angle modifier affects only the beam portion. Typically only the global irradiance in the plane of the array is measured during testing; the split between beam and diffuse can be approximated using a correlation developed by Erbs [8] for estimating the beam and diffuse components of global horizontal irradiance, a correlation developed by Hay and Davies [9] for estimating the beam and diffuse components on a sloped surface, and an estimate of ground reflectance. A code example in Visual Basic implementing this technique can be found in the appendix. 
3b.3. Predicting the Position of Five Points on the I-V Curve
King [6] and King et al. [7] proposed that under any one set of irradiance and temperature conditions, five points on the I-V curve can be used to define the shape of the curve:
( These five points are each characterized as a function of (I c,eff -I c0 ) and (T mod -T mod0 ) according to equations 4 through 9. Here we have adopted King's general approach, but simplified the equations somewhat to make them easier to grasp: 
V mp = V mp0 + f 1 (I c,eff -I c0 ) + f 2 (I c,eff -I c0 ) 2 + β Vmp (T mod -T mod0 ) (8)
3b.4. Predicting the Position of Any Point on the I-V Curve
Using equations 4 through 9, five points on the I-V curve are defined for any pair of module temperature and irradiance. The task is then to fit a curve through these five points so that for any voltage between zero and V oc the current output of the array can be predicted. Luft et al., in work done for TRW Inc. [10] , proposed an equation form that fits I-V curves quite well:
where: In the past, researchers attempted to define the behavior of an array under all temperature and irradiance conditions using Equation 13 and the five constants i L , i 0 , R s , R sh , and z. We have found that this is not a very robust approach and does not fit the array's behavior well under all conditions. Our approach is to use Equation 13 as an equation form that fits the five points described by equations 4 through 9 well under a particular pair of temperature and irradiance conditions. The constants i L , i 0 , R s , R sh , and z may be completely different for a different temperature or irradiance.
To find the best fit for the five constants in Equation 13 , we first reduce the equation to one with two unknown constants, R s and z. This is done by recognizing that i = 0 at V = V oc and solving for i L :
We 
Because we have imposed the restrictions that i = 0 at V = V oc , V = 0 at i = i sc , and i = i mp at V = V mp , the curve described by Equation 17 will always pass through these three points on the I-V curve. The constants R s and z are adjusted to obtain the best fit through the two remaining points 
3b.5. Predicting Module Temperature
During in-situ testing, it is typically reasonable to measure the temperature of the back of one or more modules in the array. It is usually not realistic to try to measure the actual cell temperature, as this would involve a delicate operation on the back of the module to expose the cells, and this destroys the integrity of the weatherproof seal as well as increasing the risk of harming the module. King [6] and King et al. [7] measured cell and back-of-module temperature for their database of PV modules and found that, for a rack-mounted collector, the cell temperature is typically 2-3 o C higher than the back-of-module temperature under Standard Rating Conditions. In fact, we need not be concerned with the actual cell temperature in order to calibrate a model for the in-situ array; we propose that all fits be made in respect to the back-of-module temperature.
Predicting the module temperature as a function of outdoor conditions has been the subject of numerous papers, among them King [6] and King et al. [7] , Del Cueto et al. [13] , Jones et al. [14] , Davis et al. [15] , and Ingersoll [16] . King [6] and King et al. [7] proposed the following equation for predicting the module temperature: where a and b are module-specific constants provided in the Sandia database. Equation 20 is expected to be reasonably accurate for rack-mounted collectors under medium to high insolation with good ventilation on the front and back. The module temperature is highly dependent on the mounting configuration, however. For building-integrated photovoltaics, for example, when the modules may be glued to an insulated roof, we have observed the module temperature to be on the order of 15 o C higher than the equivalent module on a rack mount. Because of the strong dependence on the mounting geometry, we have typically used the approach presented by Ingersoll [16] , which gives methods for estimating module temperature for four different mounting schemes: rack-mount, standoff-mount, direct-mount, and integral mount. The four mounting schemes are illustrated in Figure 5 . and supplied Table 1 for the calculation of h cb , F e , and F b . When the heat loss from the back of the array is zero, the maximum possible cell temperature is reached:
Equation 21 is a non-linear equation; T c must be known to estimate h cb for all but the rack-mount case. Ingersoll noted that using T c,max as an estimate of T c in calculating h cb worked quite well; alternatively, an iterative solution to Equation 21 can be employed.
The back-of-module temperature, T mod , is assumed to approximately equal to T c in the derivation of Equation 22. This is a reasonable assumption for typical PV modules in prediction of T mod for annual simulation.
T sky can be estimated using equations 23 and 24 [17] : ε sky = 0.711 + 0.005T dp + 7.3X10 -5 T dp 2 + 0.013Cos(2πt LST /24) + 0.12(P atm -101.4) (23)
If no measurement or observation of F cc is available, it can be estimated using an equation from Kasten and Czeplak [18] : 
3b.6. Predicting Annual Performance
We have written a module for TRNSYS for predicting PV array output given the results of a day-long test. Driven by TMY2 weather data, TRNSYS is used to calculate all weather parameters (beam and diffuse insolation, dry-bulb temperature, dewpoint, sky temperature, wind speed). For each simulation time step (typically 15-minute), a Power-Voltage curve is generated using equations 1, 2, 4, 5, 6, 7, 8, and 9 and the procedure described in Section 4. Equation 21 is used to predict module temperature. For each time step, then, the power output of the array can be predicted at any voltage.
Typically, we report the maximum possible power output (V = V mp ) and the actual expected output. In our field tests to date, most systems have either not employed a MPPT device or the MPPT has not operated properly. In typical battery-storage systems, the voltage across the array is equal to the voltage across the battery bank. In these cases, TRNSYS is used to simulate the battery voltage for each time step; this voltage is used to calculate the PV array output for this time step. We have encountered more than one system where the battery voltage is not wellmatched with the PV array; the battery voltage is well off of V mp , resulting in lower power output than would be expected if good maximum power point tracking were employed. 
Standoff ** Gr* < 2X10 7 (laminar):
Gr* > 2X10 7 (turbulent):
Direct **** Gr* < 2X10 7 (laminar):
h cb = U r h ri /(U c +h ri )
Integral with Natural Attic Ventilation *** Gr* < 2X10 7 (laminar):
Gr* > 2X10 7 (turbulent): 
3b.7. Generalizing for Module Types Not in the Sandia Database
Although the Sandia database includes more than 100 module types, it is not uncommon to test an array of modules not in the database. In this case the coefficients for M Ama and M θi are not known (equations 1 and 2). Figures 1 and 2 show that, if there is some knowledge of the cell and glazing materials, a reasonable estimate of the coefficients can be made. M Ama is largely a cell material effect; we condensed Figure The coefficients for Equation 1 are given in Table 2 for each of the eight cell material categories. Similarly, incident angle behavior can be generalized into three glazing categories:
(1) Smooth Glass The coefficients for Equation 2 are given in Table 3 for each of the three glazing categories.
Finally, sometimes the temperature coefficients α isc , β Voc , α imp , β Vmp , α ix , and α ixx are difficult to determine from a day-long test of an array, particularly the temperature coefficients of current, which are usually very small. When a coefficient is not well-determined from a data set using equations 4 through 9, we would like to refer to the manufacturer's data. Coefficients α imp , β Vmp , α ix , and α ixx are typically not provided by the manufacturer, although usually α isc and β Voc are provided. Again referring to the Sandia database of coefficients for different modules, we can predict α imp , β Vmp , α ix , α ixx for a module whose coefficients α isc and β Voc are known. We have defined the coefficients r α and r β such that:
By reviewing the Sandia database, we found that the ratios r α and r β are more generalizable by cell material than α imp and β Vmp . Figure 6 shows r α and r β for all modules in the Sandia database. In Table 4 we give the average values of r α and r β for 8 different cell material categories.
King [1997] recommended the following equations for estimating α ix and α ixx : As an example of implementing the technique described in this paper, we present below the results of a short-term test on a rack-mounted PV array in Golden, Colorado. The test was performed from 11:00 a.m. to 5:00 p.m. on June 28, 2001; the array is described in Table 5 .
The type of module in this array can be found in the Sandia database; therefore, coefficients for Equation 1 and Equation 2 were taken from there. These coefficients are shown in tables 6 and 7.
A total of 24 I-V traces were made, one every 15 minutes. The P-V curves are shown in Figure 7 .
For these curve traces, the incident radiation ambient temperature and back-of-module temperature are shown in Figure 8 . Also shown is the Effective Radiation (I c,eff ) calculated by applying equations 1 and 2. 
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By applying equations 4 through 9 to the data set and performing a linear least-squares regression to determine each coefficient, we arrive at the parameters listed in Table 8 . Note that temperature coefficients for currents were not calculated from regression because these are very small numbers and are, therefore, difficult to determine from a limited data set such as this one. Figure 9 plots V mp , adjusted for insolation effects using the results of the regression so that each point represents V mp at I c = 1000 W/m 2 . Measured and predicted from regression are co-plotted.
To compare the parameters at Standard Rating Conditions given in Table 8 to data provided by the manufacturer, we multiply voltages and voltage coefficients by the number of modules in series and currents by the number of modules in parallel. This comparison is made in Table 9 .
Annual TRNSYS simulations of the array using TMY2 data for Boulder, Colorado, give the results shown in Table 10 . We simulated perfect MPPT and fixed voltage to demonstrate the performance that could be gained by replacing the currently installed fixed-voltage controller with an MPPT controller. The results show that under the fixed-voltage scenario, the annual energy delivery is about 8.5% lower than would have been expected using published module parameters and 18.8% lower under the MPPT scenario.
One "reality check" we like to make is to infer a wiring resistance from the measured and manufacturer's parameters at the maximum power point. If all of the voltage difference between V mp0 (measured) and V mp0 (manufacturer) is caused by wiring resistance, then the resistance is approximately:
From This is a plausible number for the wiring in the array; if we arrived at a number an order of magnitude larger, for instance, we would want to look for problems in the measurements, regressions, or the array itself.
Finally, as a cursory check of Equation 21 for calculating module temperature, Figure 10 compares measured and modeled module temperature during the test. The model predicts the module temperature with an RMS error of about 6% of the mean for this data set. 
Future Work
The accuracy of the analysis method outlined in this report should be tested under the following conditions:
(1) Compare long-term measured performance data to predictions using the model provided by this method and actual measured weather data (2) Compare parameter predictions (isc0, ix0, ixx0, imp0, Vmp0, Voc0) from tests performed under different weather conditions (i.e., summer and winter) (3) Compare I-V curves measured under one set of conditions (e.g., summer) to curves predicted using test results under different conditions (e.g., winter). 
Appendix. Code Example in Visual Basic
The following computer code is an example in Visual Basic of iterative technique for calculating apparent beam radiation in the plane of the pyranometer. 
